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INTRODUCTION 

Background  and  Significance  of  the  Research 

Numerous  epidemiological  studies  spanning  nearly  two  decades  have  clearly  established  that, 
excluding  the  genetic  background,  reproductive  history  is  an  important  and  consistent  “natural”  risk  factor 
associated  with  breast  cancer.  In  particular,  both  early  menarche  and  late  age  at  menopause  have  been 
shown  to  be  associated  with  an  increased  risk.  Epidemiological  studies  have  also  shown  that  early  (before 
or  around  age  20)  full  term  pregnancy  offers  about  a  50%  protection  against  breast  cancer  but  this 
protection  is  greatly  reduced  when  pregnancy  occurs  at  a  later  age  and  no  longer  apparent  if  it  takes  place 
after  age  34.  Taken  together,  these  studies  indicate  that  it  is  the  total  length  of  time  between  menarche  and 
menopause  and/or  the  total  length  of  time  between  menarche  and  first  pregnancy  which  is  associated  with 
the  risk  factor  (1-3). 

A  distinguishing  physiological  characteristic  of  the  female  between  the  onset  of  menarche  and 
menopause  is  the  presence  of  functional  ovaries  which,  during  each  menstrual  cycle  synthesize  and  secrete 
the  female  sex  steroids,  estrogen  and  progesterone  (4,5).  Accordingly,  the  total  length  of  time  between 
menarche  and  menopause  can  be  translated  as  the  total  years  to  which  the  normal  breast  is  exposed  to 
estrogen  and  progesterone.  Similarly,  estrogen  and  progesterone  are  also  the  principal  hormones  of 
pregnancy  and  progesterone  is  absolutely  essential  for  the  maintenance  of  pregnancy  to  full  term  (6).  This 
taken  together  with  the  fact  that  these  ovarian  steroids  have  been  implicated  in  mammary  cancer  for  more 
than  half  a  century,  argues  the  need  to  target  estrogen  and  progesterone  as  key  factors  responsible  for  the 
observed  relationships  between  the  reproductive  history  and  the  breast  cancer  risk. 

Extensive  studies  spanning  over  two  decades  have  clearly  established  that  almost  all  the  effects  of 
steroid  hormones,  including  estrogen  and  progesterone,  are  mediated  through  their  respective  receptors 
present  in  the  cells  which  are  responsive  to  these  hormones  (7,8).  There  is  also  extensive  documentation 
that  in  female  sex  organs  the  synthesis  of  progesterone  receptors  (which  are  required  for  progesterone 
action)  require  estrogen  (8).  In  the  human  female,  the  growth  of  the  breast  accompanying  each  menstrual 
cycle  is  associated  with  the  luteal  phase  or  the  progesterone  dominant  phase  of  the  cycle  (9-14).  Similarly 
the  extensive  growth  of  the  breast  which  accompanies  pregnancy  also  co-relates  with  the  rising  levels  of 
progesterone  (15).  Based  on  all  these  observations,  we  had  proposed  a  few  years  ago  that,  among  the  two 
ovarian  steroids,  it  is  the  action  of  progesterone  mediated  through  its  receptor  which  was  ultimately 
responsible  for  the  growth  of  normal  breast,  i.e.  within  the  context  of  the  two  steroids,  the  action  of 
estrogen  was  indirect  in  so  far  that  it  was  required  for  the  synthesis  of  progesterone  receptors  (16). 
Unequivocal  in  vivo  evidence  to  support  our  earlier  proposal  is  the  fact  that  in  genetically  engineered  mice 
lacking  progesterone  receptors  (mice  in  which  progesterone  receptor  gene  has  been  “knocked  out”)  there  is 
an  arrested  development  of  the  breast;  in  particular,  in  the  mice  lacking  progesterone  receptors,  the  breast 
does  not  exhibit  any  lobulo-alveolar  development  or  extensive  lateral  branching  of  ducts  (17-19).  This 
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arrested  development  persists  despite  the  administration  of  estrogen  and  progesterone  (at  doses  and  length 
of  time)  known  to  be  sufficient  to  cause  development  in  normal  mice,  analogous  to  that  seen  during 
pregnancy.  These  recent  data  obtained  with  the  mice  lacking  progesterone  receptors  not  only  confirm  our 
earlier  proposal  with  regard  to  the  primary  importance  of  progesterone  in  the  growth  of  normal  breast  but 
also  provide  absolute  proof  that  the  action  of  progesterone  is  mediated  through  its  receptor. 

Among  the  various  classes  of  steroid  receptors,  progesterone  receptors  are  somewhat  unique  in 
that  they  exist  in  two  molecular  forms  commonly  referred  to  as  the  ‘A’  and  ‘B’  form  (20).  In  the  same  cell 
the  ‘A’  and  ‘B’  forms  can  have  different  functions  and  also  the  activity  of  the  individual  form  of  the 
receptor  can  vary  between  different  types  of  cells  (21,22).  Furthermore,  depending  on  the  cell,  the  ‘A’ 
form  can  either  inhibit  or  enhance  the  activity  of  the  ‘B’  form  receptor  (21).  Therefore,  to  the  extent  age  is 
a  critical  factor  which  influences  the  reproductive  capability  of  the  female,  the  epithelial  cell  of  the  breast  in 
a  young  female  represents  a  different  phenotype  from  that  of  the  older  female.  As  such  the  relative 
activities  of  the  ‘A’  and  ‘B’  forms  of  the  receptor  and  the  modulation  of  the  activity  of  the  ‘B’  form  by  the 
‘A’  form  can  vary  between  the  “young”  and  the  “old”  cells;  this,  in  turn  will  lend  to  differences  in  the  type 
of  genes  expressed  and  their  magnitude  of  expression  between  the  “young  “  and  “old”  cells.  In  this 
context,  it  is  important  to  note  that  the  ‘A’  and  ‘B’  forms  of  progesterone  receptor  have  also  been  shown  to 
modulate  estrogen  receptor  and  estrogen  dependent  gene  expression  (23-25).  Thus,  an  alteration  in  the 
relative  activities  of  the  ‘A’  and  ‘B’  forms  of  progesterone  receptor  can  conceivably  affect  both  estrogen 
and  progesterone  dependent  gene  expression.  We  believe  that  such  differential  gene  expression  may  in 
fact  be  responsible  for  the  age  dependency  associated  with  the  beneficial  effect  of  pregnancy  on  breast 
cancer  and  the  risk  associated  with  the  total  length  of  time  between  menarche  and  menopause. 

We  further  hypothesize  that  the  relative  activities  of  either  the  ‘A’  or  the  ‘B’  form  or  both  change 
due  to  age  and  reproductive  status  and  such  alterations  result  in  an  imbalance  in  the  relative  activities  of  the 
growth  factors  and  growth  inhibitors,  a  phenomenon  often  associated  with  carcinogenesis  or  initiation  of 
tumor  formation.  In  this  context  it  is  noteworthy  that  while  both  pregnancy  and  carcinogenesis  represent 
extensive  epithelial  cell  proliferation,  initiated  in  the  relatively  quiescent  breast  of  the  adult  female,  only  the 
growth  accompanying  pregnancy  is  followed  by  terminal  differentiation  of  the  epithelial  cells.  Thus,  it  is 
possible  that  carcinogens  can  mimic  the  effects  of  endogenous  cellular  factors  responsible  for  the  epithelial 
growth  occurring  during  pregnancy  but  fail  to  achieve  terminal  differentiation,  a  process  perhaps  intrinsic 
only  to  cells  replicating  in  response  to  progesterone.  Therefore,  an  investigation  of  progesterone  and 
hence,  progesterone  receptor  action  on  normal  breast  is  essential  to  understand  the  mechanisms  involved  in 
the  growth  and  differentiation  of  normal  breast  and  this  is  also  a  pre-requisite  for  understanding  the  role  of 
progesterone  in  the  etiology  of  breast  cancer.  This  is  because  cancer  arises  from  the  normal  breast  and  its 
hall  mark  is  unrestricted  growth  resulting  from  derangement  in  the  balance  between  normal  growth  and 
differentiation.  Therefore,  studies  on  tumor  cells,  while  being  informative  with  respect  to  their  behavior, 
cannot  allow  an  identification  of  pathways  responsible  for  giving  rise  to  tumor.  To  this  end,  the  purpose 
of  the  research  project  is  as  follows: 


2 


G.  Shyamala 


Purpose  of  the  research: 

1 .  To  examine  the  effect  of  age  on  the  ability  of  normal  mammary  glands  to  undergo  DNA  synthesis 
in  transgenic  mice  carrying  either  the  'A'  or  the  'B'  form  of  progesterone  receptor  and  determine  if 
these  exhibit  differences  from  that  of  normal  (wild  type)  mice. 

2.  To  examine  the  effect  of  age  on  the  ability  of  normal  mammary  glands  to  achieve  pregnancy 
dependent  differentiation  and  determine  if  this  differs  between  the  normal  (wild  type)  mice  and 
transgenic  mice  carrying  either  the  'A'  or  the  B'  form  of  progesterone  receptor. 

3 .  To  examine  the  pattern  of  gene  expression  in  mammary  glands  of  transgenic  mice  carrying  either 
the  ‘A’  or  the  ‘B’  form  of  progesterone  receptor  and  compare  this  with  that  of  normal  (wild  type) 
mice  and  also  determine  if  these  change  as  a  function  of  age. 

BODY 

During  this  past  year,  we  have  devoted  our  efforts  primarily  to  examine  the  effect  of  age  on  the 
ability  of  mammary  glands  to  achieve  pregnancy  dependent  differentiation  and  determine  if  these  differ 
between  the  normal  (wild  type)  and  transgenic  mice  carrying  either  the  "A"  form  of  progesterone  receptor. 
To  meet  this  objective,  we  had  proposed  to  breed  separate  groups  of  nulliparous  females  beginning  at 
-twelve  weeks  of  age  and,  therefore,  at  eight  week  intervals  up  to  fifty  weeks  of  age.  To  assess 
differentiation,  we  proposed  to  examine  wholemount  preparations  and  histological  sections  of  lactating 
mammary  glands  from  these  various  groups.  However,  once  funding  was  obtained  and  we  began  to  plan 
our  experiments,  it  occurred  to  us  that  with  increasing  age,  the  ability  to  become  pregnancy  may  be 
compromised  which,  in  turn,  may  jeopardize  the  outcome  of  our  experiments.  Therefore,  we  decided  to 
use  an  alternate  experimental  protocol  which  has  been  widely  used  to  elicit  differentiation  analogous  to 
that  observed  during  pregnancy  i.e.  to  ovariectomize  the  animal  and  then  administer  estrogen  and 
progesterone  for  twenty-one  days  (26). 

(a)  Experimental  Methods: 

Nulliparous  females  of  different  ages  were  ovariectomized  and  after  two  weeks,  administered  one 
microgram  of  estrogen  and  one  milligram  of  progesterone  per  day,  for  a  total  period  of  twenty-one  days. 
Mammary  epithelial  growth  and  differentiation  which  occurs  during  pregnancy,  in  response  to  estrogen 
and  progesterone,  is  characterized  by  outgrowths  from  terminal  and  lateral  branches,  and  lobulo-alveolar 
structures  begin  to  fill  the  interductal  spaces.  Therefore,  to  assess  pregnancy  type  differentiation,  we 
estimated  the  degree  of  lobulo-alveolar  development  in  wholemount  preparations,  prepared  as  described 
previously  (27)  except  for  using  carmine  instead  of  hemotoxylin. 
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(b)  Results: 

(i)  Effect  of  age  on  the  ability  of  mammary  glands  to  undergo  lobulo-alveolar  development  in  response  to 
estrogen  and  progesterone. 

In  all  age  groups  tested,  administration  of  estrogen  and  progesterone  resulted  in  lobulo-alveolar 
development  while  the  control  mice  treated  with  oil  had  virtually  no  lobulo-alveolar  development  (Figure 
1;  compare  Panels  A,C,  and  E  with  Panels  B,  D,  and  F).  The  degree  of  lobulo-alveolar  development  was 
similar  among  mice  of  twelve  weeks  and  twenty  weeks  of  age  (Figure  1;  Compare  Panels  B  and  D). 
However,  in  30-32  week  old  mice,  there  was  a  significantly  greater  degree  of  lobulo-alveolar  development 
(Figure  1,  Panel  F).  To  verify  this  and  further  discriminate  the  differences  between  the  20  week  and  30-32 
week  old  mice,  we  repeated  the  experiment  with  the  modification  such  that  estrogen  and  progesterone  were 
administered  only  for  ten  days.  As  expected,  with  shorter  duration  of  steroid  administration,  there  was  a 
lesser  degree  of  lobulo-alveolar  development.  However,  once  again,  as  compared  to  20  week  old  mice, 
there  was  a  greater  degree  of  lobulo-alveolar  development  in  30  week  old  mice  (Figure  2). 

(ii)  Effect  of  age  and  parity  on  the  ability  of  mammary  glands  to  undergo  lobulo-alveolar  development  in 
the  absence  of  exogenous  estrogen  and  progesterone. 

From  the  data  shown  in  Figures  1  and  2,  it  appeared  that  with  increasing  age,  mammary  glands 
might  acquire  a  greater  sensitivity  to  estrogen  and  progesterone.  However,  with  increasing  age,  there  is  a 
decrease  in  ovarian  function  which  results  in  lower  levels  of  estrogen  and  progesterone  as  compared  to  that 
present  in  younger  females.  Therefore,  if  with  age,  mammary  glands  do  acquire  an  increased  sensitivity  to 
estrogen  and  progesterone,  it  should  be  apparent  (perhaps  to  a  lesser  degree)  even  in  the  absence  of  any 
exogenous  estrogen  and  progesterone  administration.  To  determine  if  this  was  true,  we  examined  the 
mammary  glands  of  old  mice  (~55-68  weeks)  for  their  degree  of  lobulo-alveolar  development.  In  old 
nulliparous  mice  (55  weeks),  the  degree  of  lobulo-alveolar  development  in  mammary  glands  was 
comparable  to  that  seen  in  young  (20  weeks)  old  nulliparous  mice  (Figure  3;  compare  Panel  A  with  Panel 
B).  On  the  other  hand,  in  older  mice  which  had  undergone  pregnancies,  with  increasing  parity  there  was 
an  increase  in  lobulo-alveolar  development  which  was  quite  dramatic  in  mice  having  undergone  four 
pregnancies  (Figure  3;  compare  Panel  C  with  Panel  D).  The  effect  of  parity  on  lobulo-alveolar 
development  is  summarized  in  Figure  4. 

(iii)  Studies  on  transgenic  mice: 

Our  studies  on  transgenic  mice  have  not  progressed  as  rapidly  as  we  had  anticipated  because  of  the 
shortage  of  these  mice  (due  to  lengthy  breeding  protocols),  coupled  with  the  fact  that  aging  studies  require 
longer  time.  Nevertheless,  we  have  obtained  evidence  that  in  young  mice  carrying  an  excess  of  the  "A" 
form  of  the  progesterone  receptor  as  transgene,  as  compared  to  age  matched  controls,  there  is  an  increase 
in  sidebranching  and  alveolar  buds  (Fig.  5;  compare  Panel  A  with  Panel  B).  Our  preliminary  results 
examining  the  progression  of  these  structures  to  lobules  also  reveal  that  this  process  may  be  slower  in 
transgenic  mice  as  compared  to  wild  type.  We  are  currently  performing  experiments  to  determine  the 
effect  of  age  on  this  process. 
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CONCLUSIONS 

With  increasing  age,  there  is  an  increase  in  the  degree  of  lobulo-alveolar  development  in  response 
to  estrogen  and  progesterone  which  is  dramatically  apparent  in  mice  beginning  at  ~8  months  of  age.  This 
suggests  that  at  around  8  months  of  age,  mammary  glands  may  acquire  a  greater  sensitivity  to  estrogen  and 
progesterone.  These  findings  have  important  implications  to  mammary  carcinogenesis  for  several  reasons. 
To  begin  with,  the  age  (~8  months)  in  mice  (when  an  increased  sensitivity  to  estrogen  and  progesterone  is 
seen)  corresponds  to  the  age  of  a  peri-menopausal  human  female.  As  such,  an  increased  sensitivity  to 
ovarian  steroids  resulting  in  relatively  higher  proliferation  of  epithelial  cells  can  increase  the  chances  of 
both  intrinsic  mutagenesis  and  that  resulting  from  exposure  to  carcinogens;  they,  in  turn,  can  lead  to 
cancer.  An  increased  sensitivity  to  endogenous  steroids  will  also  result  in  an  increased  sensitivity  to 
exogenous  steroids  e.g.  environmental  estrogens.  Therefore,  in  the  aging  female  who  is  at  a  higher  risk 
for  breast  cancer,  an  increased  sensitivity  to  estrogen  and  progesterone  may  be  a  contributing  risk  factor. 
To  test  our  hypothesis,  during  the  next  grant  period,  we  will  examine  the  effects  of  these  steroids  on  DNA 
synthesis  in  mice  of  different  ages. 

It  is  known  that  mammary  glands  of  multiparous  non-pregnant  females  have  more  epithelial  cells 
than  their  nulliparous  counterparts.  However,  our  finding  that  there  is  a  dramatic  increase  after  four 
pregnancies  suggests  that  a  complex  phenomenon  may  underlie  the  relationship  between  parity  and 
mammary  morphology,  perhaps  once  again  related  to  altered  sensitivity  to  estrogen  and  progesterone. 

Our  observation  that  in  transgenic  mice  carrying  an  excess  of  the  "A"  form  of  progesterone 
receptor  mammary  morphogenesis  may  differ  from  the  wild  type  mice  lends  support  to  our  hypothesis  that 
an  imbalance  in  the  ratio  and  hence,  the  activities  of  the  two  forms  of  progesterone  receptor  may  have 
important  consequences  to  mammary  development  and  hence,  carcinogenesis. 
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Figure  1:  Wholemount  preparations  of  mice  ovariectomized  at  indicated  ages  and 
administered  with  either  oil  (A,  D  and  E)  or  estrogen  and  progesterone  (B,  D,  and  F)  for 
twenty-one  days.  (A  and  B):  12  weeks;  (C  and  D):  19  weeks;  (E  and  F):  32  weeks. 
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administered  with  estrogen  and  progesterone  for  either  10  days  (  Q )  or  twenty-one  days  (0)  prior  to  killing  and  processing 
of  mammary  glands.  (A)  11-12  weeks;  (B)  18-20  weeks;  (C)  30-32  weeks.  Units  of  LAD  are  arbitrary  with  #4  being 
equivalent  to  100%  of  mammary  tissue  composed  of  lobulo-alveolar  epithelial  cells. 


Appendix 


Appendix  4 
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ure  4:  Degree  of  mammary  Iobulo-alveolar  development  in  old,  non-pregnant  mice  (55-66  weeks  of  age)  as  a  function  of 
ty.  Units  of  LAD  are  arbitrary  with  #4  being  equivalent  to  100%  of  mammary  tissue  composed  of  Iobulo-alveolar 
helial  cells. 


Figure  5:  Wholemount  preparation  of  adult  (12  week  old)  transgenic  mouse  carrying  an  excess  of  the  "A"  form  of 
progesterone  receptor  gene  (Panel  B)  and  her  control  litter  mate  (Panel  A). 
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